a b s t r a c t Background: To quantify image quality and radiation doses in regions adjacent to and distant from bismuth shields in computed tomography (CT). Methods: An American College of Radiology accreditation phantom with four solid rods embedded in a water-like background was scanned to verify CT number (CTN) accuracy when using bismuth shields. CTNs, image noise, and contrast-to-noise ratios (CNRs) were determined in the phantom at 80e140 kVp. Image quality was investigated on image portions in the zones adjacent (A zone) to and distant (D zone) from a bismuth shield. Surface radiation doses were measured using thermoluminescent dosimeters. Streak artefacts were graded on a 3-point-scale.
The increased use of computed tomography (CT) examinations, which currently account for more than 50% of all medical exposures, resulted in high radiation doses to patients [1] . Routine CT examinations, such as head, thoracic, and abdominal scans, and specific examinations for diagnosing coronary artery disease and screening lung cancers contribute to the majority of medical exposures [2] . Superficial and radiosensitive organs, such as the eyes, thyroid, and breast, are often directly exposed during routine head, neck, or chest CT examinations. However, these radiosensitive organs are not imaged primarily for diagnosis. The radiation dose to radiosensitive organs may increase the lifetime relative risk of carcinogenesis [2] .
Automatic exposure control (AEC) was introduced to modulate the tube current on the basis of patient size and attenuation to reduce radiation exposure to a patient while maintaining consistent image quality [3] . However, superficial organs, such as the eye lens, thyroid, and breast, do not benefit from AEC scans. Organ-based tube current modulation (OB-TCM), an advanced AEC technique, can be used to reduce the radiation dose to these superficial organs during CT scans [4e7]. However, this technique is valid only for certain manufacturers' products. Nikupaavo et al. used the gantry tilt method to reduce the radiation dose to the eye lens during routine head CT scans [8] . When lenses are only partially exposed in the scanning range, OB-TCM or bismuth shields can be useful for reducing the radiation dose to the lens.
Using an in-plane bismuth shield is an alternative method, and it can be suitable for all types of CT scanners. When an Xray tube is above a patient, the X-ray beam penetrates the bismuth shield first and then the patient's body. Therefore, the intensity of the X-ray beam can be reduced by a bismuth shield. The bismuth shield was used in patients undergoing routine CT examinations with acceptable image noise and overall image quality without interfering with the diagnostic accuracy [9e14]. The effect of breast thickness on bismuth shielding was discussed in Revel's study [15] . Studies opposing against the use of bismuth shields during CT scans have reported that a bismuth shield caused changes in CT number (CTN) accuracy and increased image noise and streak artefacts [6,16e18] .
Previous studies pointed out that these changes depend on the relative position between the region of interest (ROI) and the shield. However, quantification changes occurring in the region adjacent to a bismuth shield (A zone) or in the region distant from a bismuth shield (D zone) have not been assessed. Moreover, the effects of a bismuth shield on the quality of CT images of materials that resembled different types of tissues, such as fluids, adipose tissue, calcified tissue, bone, and air. Hence, the present study proposes to quantify changes in CTNs, noise, and contrast-to-noise ratios (CNRs) for five tissue-mimicking materials for bismuth shields of different thicknesses and for positions relative to these shields during CT scans. In addition, we assessed the amounts of dose reduction when using bismuth shields of different thicknesses during CT scans.
Materials and methods

CT acquisition protocols
Helical CT scans were performed using a 64-slice scanner (Sensation 64, Somatom, Siemens Medical Systems, Germany) and the following abdominal CT scan parameters: tube voltage, 120 kVp; effective tube currentetime product, 100 mAs; rotation time, 0.5 s; detector configuration, 64 Â 0.625 mm; 5-mm image reconstruction; and softtissue reconstruction kernel (B30f) with the filtered backprojection reconstruction. Three other tube voltages (80, 100, and 140 kVp) were used to compare the image contrast.
Image quality phantom and bismuth shields
We scanned the American College of Radiology (ACR) CT Accreditation phantom (Gammex RMI, Middleton, WI). This phantom consists of four modules designed to test various aspects of CT image quality, including CTN accuracy, uniformity of CTN, and high-and low-contrast resolutions. The length of each module in the z direction is 4 cm, and the diameter of each module is 20 cm. Prior to scanning, the phantom was centered in the x, y, and z planes. The first module of the phantom with four solid rods embedded in a water-like background was scanned to verify CTN accuracy with and without a bismuth shield. Nominal CTNs for polyethylene, water, acrylic, bone, and air provided by ACR CT phantom specifications for a voltage of 120 kVp were À107 to À84 HU, À7 to þ7 HU, 110 to 135 HU, 850 to 970 HU, and À1005 to À970 HU, respectively [19] .
At a glance of commentary
Scientific background on the subject
Using an in-plane bismuth shield is an effective method to reduce superficial organ doses of patients undergoing CT examinations. To quantify image quality and radiation doses in regions adjacent to and distant from bismuth shields can help operators to select appropriate combination of shields.
What this study adds to the field
We quantified changes in CT image quality parameters (CTN, image noise, and CNR) and radiation doses caused by external bismuth shields. Using shields are recommended as the suspicious diagnosis region distant from a bismuth shield, but not recommended for quantification-purposed CT examinations, such as calcification, bone mass density, and follow-up scans.
Bismuth shields (3.4 g/cm 2 of bismuth per layer, Attenu-Rad, F&L Medical Products, Vandergrift, Pa) were used in our experiments. We placed 1-ply to 6-ply bismuth shields over the phantom. Bismuth shields were placed over 1-and 2-cmthick foam rubber sheets that were used to lift the shields away from the phantom to reduce the potential for streak artefacts [13, 20] . The ACR phantom was scanned two times. Fig. 1A shows the CT image of the first scan. The objects of polyethylene and bone were in the zone adjacent to bismuth shielding (A zone). The objects of acrylic and air were in the zone distant from bismuth shielding (D zone). The phantom was then rotated 180 to acquire the second image (Fig. 1B) . The positions of the objects relative to bismuth shielding were changed. The effects of relative positions between shields and solid rods on image quality were investigated.
Quantitative image analysis
The CTNs and image noise of four tissue-mimicking materials and the water-like background were determined in 10 Â 10 mm 2 -square ROIs at the A and D zones ( Fig. 1 ). CTN was calculated as the mean value of an ROI and averaged over six adjacent images along the z direction. Image noise (s) was defined as the standard deviation of an ROI in the water-like background.
A change in CTN caused by a bismuth shield was expressed as DCTN:
where CTNs was CTN acquired using a bismuth shield and CTNus was CTN acquired without a bismuth shield.
The difference in image noise caused by a bismuth shield was expressed by
where ss was the background noise with a bismuth shield and sus was the background noise without a bismuth shield.
The CNR was expressed by
where CTN x was the CTN of each solid rod, CTN w was CTN in the water-like background, and s w was the noise in the waterlike background.
Qualitative image analysis
Three radiological technologists with 8e12 years of experience independently graded streak artefacts in each image acquired with a bismuth shield and a 1-cm foam rubber sheet. These technologists were blinded to image acquisition protocols. All images were evaluated at a soft-tissue window setting (window, 400; level, 40). The degree of streak artefacts for each protocol was rated using a 3-point scale: 1, streak artefacts present, affecting visibility and interfering with depicting adjacent structures; 2, streak artefacts present without affecting visibility or interfering with depicting adjacent structures; and 3, absence of streak artefacts. A score of 2 was considered acceptable for each protocol.
Radiation dose measurements
To measure radiation exposure during CT scans, we used high-sensitivity thermoluminescent dosimeter (TLD) chips made of LiF:Mg, Cu, and P (TLD-100H, Harshow, OH, USA) with a diameter of 4.5 mm and a thickness of 0.8 mm. TLD chips with homogeneity (sensitivity variation) within 3% of the mean response were selected using a monoenergetic beam (137Cs, Standard Laboratory, National Tsing Hua University, Taiwan). The doseeresponse linearity of TLD chips was tested over the range from a few mGy to a few mGy; these results showed a good linear fit (R 2 ¼ 0.99). The energy response was examined at 120 kVp X-ray relative to 137Cs and was equal to 0.95. Dose estimations from these individually calibrated TLD chips had uncertainties within ±5%. TLD chips were placed on the top of the phantom to measure surface radiation doses with and without a bismuth shield. The percentage reduction in the radiation dose was expressed by
where the percentage was the radiation dose reduction factor, Ds was the radiation dose with a shield, and Dus was the radiation dose without a shield. 
Statistical analysis
Results
Foam rubber effects
The CTNs of the water-like background increased when a bismuth shield was used during a CT scan. Compared with CTNs acquired without a bismuth shield, CTNs acquired with a 3-ply bismuth shield were higher and more obvious when a low-energy tube voltage was used (Fig. 2) . A foam rubber sheet was used to lift the bismuth layer away from the phantom surface to reduce the change in CTN. Differences in CTN caused by a bismuth shield with a foam rubber sheet in the A zone ranged from 12.9 to 17.6 HU at four tube voltages. These changes in CTN could be reduced using a 2-cm foam rubber sheet. The difference in CTN in the D zone (1.9e3.1 HU) was lower than that in the A zone. In subsequent experiments, we used a 1-cm foam rubber sheet with different bismuth shield layers, because the commercial package had bismuth layers that were in contact with a 1-cm foam rubber sheet.
Image noise
Increasing the layers of a bismuth shield resulted in more image noise (Fig. 3) . Changes in image noise in the A zone (2.8e46.2 HU) were greater than those in the D zone (1.0e4.9 HU). Using a low-energy tube voltage in combination with a thick bismuth shield resulted in severe image noise and streak artefacts. The maximum value of the change in noise (46.2 HU) was observed in images with 6-ply bismuth shields at 80 kVp. In the A zone, the change in noise was <5 HU when a 1-ply bismuth shield was used at all kVp settings. In the D zone, changes in noise were all <5 HU, except when a 6-ply bismuth shield was used at 80 kVp.
Changes in CTN with bismuth shields
Increasing the layers of bismuth shielding resulted in a high DCTN (Fig. 4) . The DCTNs for the five objects at 120 kVp increased with the number of shielding layers used in the A zone (water-like background: 3.3e38.5 HU; polyethylene: 4.3e34.5 HU; acrylic: 2.2e25.8 HU; air: 3.4e48.5 HU; and bone: À5.4 to À9.6 HU). These effects were not obvious in the D zone (water: 1.1e4.8 HU; polyethylene: 1.5e8.6 HU; acrylic: 0.3e5.6 HU; air: 2.0e8.6 HU; and bone: À5.1 to À12.8 HU). These changes were conspicuous, particularly when a low-energy tube voltage was used. The maximum DCTNs acquired with a 6-ply bismuth shield at 80 kVp were 49.6 HU and À53.2 HU, respectively, for polyethylene and bone. The CTN of the bone decreased when bismuth shields were used.
CNR
The CNR slightly decreased when bismuth shields were used during CT scans (Fig. 5 ). The CNR values acquired without a shield at 120 kVp in the A zone were 14.8, 20.6, 167.4, and 137.0 for polyethylene, acrylic, air, and bone, respectively. Percentage reductions in the CNR caused by shielded scans at 120 kVp ranged from 10.5 to 40.0% for polyethylene, 9.0e69.0% for acrylic, 9.9e45.4% for air, and 10.0e52.2% for bone. Increased 
Subjective image quality
The degrees of streak artefacts in CT images acquired using bismuth shields are listed in Table 1 . Image quality when considering artefacts generated with a 1-ply bismuth shield at tube voltages greater than 100 kVp was acceptable (grade values of 2 and 3). In scans acquired using a tube voltage of 80 kVp, many artefacts were generated when bismuth shields were used, and these artefacts interfered with diagnostic quality (Fig. 6 ).
Radiation dose
The measured radiation dose at the phantom surface could be reduced using a bismuth shield (p < 0.001; Table 2 ). Reductions in the measured dose were 7.2%, 15.7%, 11.1%, and 15.5% with a 1-ply shield at 80, 100, 120, and 140 kVp, respectively ( Table  2) . A progressive decrease in the radiation dose was achieved by adding multiple-ply shields. Dose reductions achieved using 2-ply to 6-ply shields ranged from 31.6% to 59.7% for 80 kVp, 29.6%e55.9% for 100 kVp, 20.6%e50.5% for 120 kVp, and 24.3%e47.0% for 140 kVp.
Discussion
McCollough and Wang's group have discouraged the use of bismuth breast shields for reducing radiation doses during CT scanning because breast shields wasted radiation already delivered to a patient and reduced image quality and CTN accuracy [6, 17, 18, 21] . However, changes in image quality parameters, such as the CTN, image noise, and CNR, in various human tissues based on their relative positions to bismuth shields were not analyzed in previous studies. In the present study, we quantified the relationship between the bismuth shields of different thicknesses and the positions of materials relative to these shields. Image noise increased and streak artefacts were observed when bismuth shields were used over the phantom surface. When the distance between a shield and a phantom surface is increased, there is a reduction in the generation of streak artifacts [22e25]. The results of this study are in agreement with those of previous studies. However, although image noise and artefacts could be reduced using foam rubber to increase the distance between a shield and a phantom, image noise still increased with bismuth shielded scans.
Wang et al. reported an increased image noise of 6.0 HU with a 1-ply eye shield even when the distance between a shield and the phantom surface was increased [6] . Kim et al. concluded that using a bismuth shield in combination with low-dose thoracic CT resulted in increased noise in the chest wall, although this region is not crucial for lung cancer screening [7] . In addition, they reported that increased noise in an anterior lung field may result in a misdiagnosis in detecting faint, small nodules when combining a bismuth shield and low-dose thoracic CT examination.
Based on the effects of a bismuth shield and its relative position, we measured an increased water noise of <7 HU in the D zone even when a 6-ply bismuth shield was used for an 80-kVp scan. To make a diagnosis in the A zone, the thickness of a bismuth shield should not be more than 2 ply (noise of 8e12 HU with four voltages used), because image noise may affect diagnostic accuracy, particularly for low-contrast detection. Although the acceptable image noise depends on diagnostic tasks, the noise level of 8e12 HU was acceptable in neck and thoracic CT examinations [9, 15, 33] .
The effect on CTNs when using different attenuating materials was quantified using clinical CT tube voltages. Previous studies have indicated that CTNs artificially increased when bismuth shields were used, because bismuth shields cause the beam hardening and make the reconstruction algorithm to report wrong CT numbers. CTNs increased by 18e33 HU in strap and sternocleidomastoid muscles during neck scans and by 20 HU in the chest wall during thoracic scans, which were especially pronounced in the A zone [6, 7, 26, 27] . The tissuemimicking materials that we used, namely water, polyethylene, and acrylic, are usually used as substitutes for fluids, adipose tissue, and calcification or stone, respectively. When these materials are inserted into the ACR phantom, they can be used for quantitative analysis in diagnostic radiology.
If CTNs increase when a bismuth shield is used, normal fluid might be misidentified as bleeding or an abscess. Adipose tissue might be described as fibrosis (lipoma), especially during liver CT examinations. Increased CTNs in calcification can result in overestimation of calcium scores during coronary examinations. Changes in CTNs in the air and bone may not be a problem because these objects are high-contrast materials on CT images. However, accuracy might be questionable when CT images are used to quantify bone densitometry [28] .
A low tube voltage (80 kVp) is suggested for pediatric CT examinations to reduce unnecessary radiation doses to children [13,24,25,29e32] . However, we observed a shift in CTNs and increased image noise when an in-plane bismuth shield was used during 80-kVp CT scanning, which indicated a severe problem. The overall image quality based on the CNR also degraded when a bismuth shield was used during 80-kVp scanning. For quantification-purposed CT imaging, the shift in CTNs caused by bismuth shields may result in a misdiagnosis. Therefore, the use of bismuth shields during low-tubevoltage pediatric CT scans should be considered carefully, especially when CT images are used for quantification. To reduce radiation doses to pediatric patients, the OB-TCM technique and a fixed low tube current-time product determined by TCM techniques may be an alternative [33] .
In this study, the CNR decreased slightly when a bismuth shield was used during CT scans because of changes in CTNs and increased image noise. These slight degradations were not reflected in our visual assessments. More attention should be paid to using bismuth shields during CT examinations for quantification purposes.
Dose reductions to the breast with bismuth shielding for adults have been reported to be in the range of 30%e59%, Fig. 6 Effects of streak artefacts with and without shields. Streak artefacts in a soft-tissue window (400/40 HU) after shielding were detected at a low energy of 80 kVp. (A) A computed tomography image without a bismuth shield. (B) A streak artefact was observed at the interface between a 1-ply bismuth shield and the phantom surface. (C) The streak artefact was reduced using a 1-ply bismuth shield and with a 1-cm foam rubber sheet. (D) Increased streak artefacts were observed when a 3-ply shield was used. which is similar to dose reductions of 20.6%e50.5% with shields at 120 kVp observed in our study [10, 34, 35] . Dose reductions at 100 kVp were higher than those at 80, 120, and 140 kVp because the effective photon energy of a 100-kVp X-ray beam is well below the bismuth K-edge (Z ¼ 83 and K-edge energy ¼ 90.5 keV) [36] . Using a bismuth shield during CT scans is an effective method for reducing radiation doses to patients, although image noise and CTN accuracy might be affected. Global reduction of the tube current and OB-TCM techniques are alternative methods for reducing radiation doses without degrading CTN accuracy [6, 18, 33, 35] . However, other concerns arise when using OB-TCM. The OB-TCM technique can lead to increased doses to the spine and lungs, and these increased dose can result in a high radiation risk to the lungs and spine when X-ray tube currents are increased to a patient's posterior region during thoracic CT scans [37, 38] . The present study has some limitations. A phantom was used to quantify the effects of in-plane shielding on CT scans. However, a real patient body is oval in shape with a longer lateral dimension. The phantom only provides an air cavity for quantifying the shift in CTN, and it could not be equalized to the change in the chest wall. Furthermore, experiments were performed only in a single-vendor CT scanner.
In the present study, we quantified changes in CT image quality parameters (CTN, image noise, and CNR) and radiation doses caused by external bismuth shields. Bismuth shields can effectively reduce radiation doses to superficial radiosensitive organs when performing CT scans. For routine CT examinations, such as head, neck, and thoracic scans, using bismuth shields can reduce doses to the eye lens, thyroid, and breast without interfering with the diagnostic accuracy if these radiosensitive organs are not in diagnostic regions. For quantification-purposed CT examinations, such as calcification, bone mass density, and follow-up scans, the use of bismuth shields is discouraged because these shields can change diagnoses and treatment procedures. These effects of these changes are greater especially when tissues or organs are close to bismuth shields. The use of a bismuth shield should be considered when a pediatric patient undergoes a low tube voltage CT examination and these CT images would be used for quantification analysis.
Conflicts of interest
All auhtors declare no conflicts of interest.
